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1.0 SUMMARY 


The following was accomplished during the performance of Task 5 of the 
Aeropropulsion Technology Contract. The goal of these efforts was the 
development of an ultra-low emissions, lean-bum, combustor for the High 
Speed Civil Transport. The HSCT Mach 2.4 FLADR Cl Cycle was selected as 
the baseline engine cycle. A preliminary compilation of performance 
requirements for the HSCT combustor system was developed. The emissions 
goals of the program, the baseline engine cycle, and standard combustor 
performance requirements were considered in developing the compilation of 
performance requirements. Seven combustor system designs were developed. 

In order to control the flame temperature within the narrow limits required for 
good performance of lean-burn combustors, most of these combustor systems 
used fuel-staging. However, one combustor system design used air-scheduling, 
which in turn required the use of variable geometry. The development of the 
these system designs was facilitated by the use of spreadsheet-type models 
which predicted the performance of the combustor systems over the entire 
flight envelope of the HSCT. These models and their performance projections 
were refined as more design information and test data became available. A 
chemical kinetic model was developed for an LPP combustor and employed to 
study NOx formation kinetics and CO burnout. These kinetic predictions 
helped to define the combustor residence time. Five fuel-air mixer concepts 
were analyzed for use in the combustor system designs. One of the seven 
system designs, one using the Swirl-Jet and Cyclone Swirler fuel-air mixers, 
was selected for a preliminary mechanical design study. 

Five fuel-air mixers were evaluated in subcomponent tests. Four types of 
single-cup rigs were used: atmospheric, 4 atmosphere and high pressure. The 
high pressure rig operated over the full range of HSCT combustor conditions. 

A major design innovation which came out these tests was the injection of 
spent cooling air into the flow exiting the fuel-air mixers. This helped resolve 
the conflict over using the available air to burn as lean as possible and to use it 
to cool the combustor materials. Two supporting studies of fuel-air mixing 
using advanced laser diagnostics were performed, one at GE’s Corporate 
Research and Development Center and the other at Pennsylvania State 
University. 

A LPP sector combustor was designed, fabricated and built up for 
evaluation in a follow-on contract. The sector combustor was sized for a 
subscale engine and was rectangular in configuration. The system design 
selected for the sector combustor used the IMFH and Cyclone Swirler fuel-air 
mixers. In this sector combustor, fuel- staging was relied upon for flame 
temperature control. A preliminary test plan was developed for the sector 
combustor evaluation. 
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combustor for demonstration of the preferred combustor concept. 
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3.0 SYSTEM DESIGN STUDIES 


This section discusses the selection of the engine cycle for this subtask, 
and describes pertinent cycle points used in the design and analysis of the 
combustor layouts. The section continues with the ground rules for the design 
and comparison of the combustor layouts. The four candidate combustor 
layouts are then described, and an evaluation of these designs is completed, 
culminating in the selection of a generic combustor design. Additional analysis 
of the fuel staging system, a detailed mechanical design of a representative 
generic combustor, and an analytical study to predict combustor emission 
characteristics using chemical kinetics relationships are discussed. This 
section concludes with a discussion of proposals for the future direction of 
HSCT combustion system designs. 

3.1 Cycle Selection 

The HSCT Mach 2.4 FLADE Cl cycle was selected as the baseline cycle 
for this task. Cycle conditions at key mission points are shown in Table 3-1. 
Table 3-2 depicts a typical HSCT mission profile. 

Table 3-2 HSCT Preliminary Mission Profile 


Flight Condition 

Altitude 

(kft) 

Mach Number 

Duration 

(min) 

Takeoff 

-0 

0.00 - 0.30 

Seconds 

Climb 

3 - 55 

0.50 - 2.40 

~16 

Supersonic Cruise 

55 - 65 

2.40 

-202 

(68% of Total) 

Descent 

65 - 15 

2.40 - 0.55 

-20 

Climb 

15 - 25 

0.55 - 0.80 

-1 

Subsonic Cruise 

25 - 15 

0.80 and 0.5 

-56 


As shown in Table 3-2, the supersonic cruise leg of the mission accounts 
for nearly 70% of the entire mission flight time. The supersonic leg is flown at 
altitudes which place it within the ozone layer. The NOx emissions at these 
altitudes are therefore potentially the most detrimental. Three supersonic 
cruise conditions are shown: maximum or start cruise (55K), mid-cruise (60K) 
and minimum or end cruise (65K). The combustor fuel-air ratio and 
combustor inlet air temperature, T 3 , stay very nearly constant during the entire 
supersonic cruise portion of the mission. Thus, the combustor can be 
optimized for low NOx emissions over the entire supersonic leg of the mission. 
Further minimizing the impact of NOx emissions on the ozone layer is the 
decrease in fuel bum rate (40%) as the altitude increases from 55K to 65K. 

The constant combustor conditions do not continue into the subsonic cruise 
portion of the mission, let alone, ground and flight idle conditions. The 
combination of narrow operating limits for lean-burn combustion and the wide 
range of HSCT combustor operating conditions requires some form of fuel 
staging or air scheduling. 
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Table 3-1. APT HSCT Baseline Cycle - Mach 2.4 GE21/FLA 1 Study CL 
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Performance Related Attributes 

Premixer performance can be classified further into two disparate 

characteristics: premixing and flame holding. 

Premixing: 

® Degree of vaporization and mixedness. This is comprised of the variation in 
the time-averaged profile of the mean and the variance of the fuel 
concentration across the premixer exit. 

® Sensitivity of mixedness to the premixer pressure drop. 

® Sensitivity of the fiowfield inside the premixer to aerodynamic inlet 
conditions. 




Table 3-3. LPP Design Criteria. 
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Pattern Factor 
Profile Factor 
Average System AP/P 
Airstart 

Combustor Efficiency 
SLS Emissions/ Smoke 


<0.25 

Coordinate With Turbine Design 
6 % 

>30,000 ft 
>99.5% 

ICAO Limits 
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3,3 Candidate Combustor Configurations 


A total of seven combustor configurations were considered. These are 
shown in Figures 3-2a through 3-2g. In general, these configurations could be 
classified into three major design categories single annular, double annular 
and triple annular. 

Single Annular Configurations 

Variable geometry for both the premixers and the secondary area 
(downstream of the dome) is a requisite for all single annular designs to operate 
successfully in the HSCT engine. The variable geometry would vary the air flow 
split between the premixers and the secondary air to maintain the primary 
zone fuel-air ratio and flame temperature within the required range. 

Double Annular Configurations 

_ Double annular configurations with the main stage comprised of a 
premixer and/or a bank of premixers and the pilot stage consisting of a 
conventional swirler dome were considered. Although of simpler nature, they 
may also require variable geometry to control the fuel-air ratio and primary 
zone flame temperature within the required range. 

Triple Annular Configurations 

A triple annular configuration was selected as the initial baseline design 
concept, since it had the potential of having enough stages so that no variable 
geometry might be required. At the time, there were not enough single-cup LPP 
combustor data to determine how many fuel stages would be required. 

However the estimates varied from 3 up to as many as 10. The selected 
configuration features a triple dome combustor with a central, fixed geometry 
Cyclone Swirler pilot dome. The pilot dome is used for ignition and for low 
power operation, and is designed for acceptable NOx at high power. The inner 
and outer domes are equipped with low NOx premixers and are operational 
during high power operating conditions. This configuration has the advantage 
of minimal risk in terms of the need for variable geometry, and also provides 
maximum flexibility in arrangement of the premixers. 

Figure 3-3 depicts flow splits for the initial baseline triple annular 
combustor operating at supersonic cruise. These flow splits are presented as a 
percentage of the total combustor airflow (W 3 ). All three stages of the 
combustor were initially sized with these flow splits. Table 3-4a lists the 
critical parameters corresponding to inner, outer and pilot stages, while Table 
3-4b lists the outer and inner passage cooling flow requirements. 
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Table 3-4a. Characteristic Geometrical Parameters. 

Outer LPP Main Stage Inner LPP Main Stage 



Dome 

Dome 

Cycle Point 

Height 

Velocity 


(in) 

(ft/s) 

30% 

5.97 

45.14 

Hot Day T / O 

5.97 

49.30 

Bucket Cruise 

5.97 

70.00 
Pilot Stage 

30% 

4.265 

22.60 

Hot Day T/O 

4.625 

25.00 


Dome 

O 

Dome 

Height 

(in) 

Dome 

Velocity 

(ft/s) 

Dome 

<3> 


4.85 

53.98 



4.85 

55.10 


0.575 

4.85 

70.00 

0.575 


0.520 


Table 3.4b. Cooling Flow Requirements. 


Outer Passage Inner Passage 


Cycle Point 

Flow 

Velocity 

Flow 

Velocity 

(pps) 

(ft/ s) 

(pps) 

(ft/s) 

30% 

16.0 

138.0 

21.3 

137.9 

Hot Day T/O 

31.7 

153.0 

42.1 

153.0 

Bucket Cruise 

17.3 

194.0 

22.2 

187.2 


3.3.1 Candidate Fuel-Air Mixer Configurations 

Five fuel-air mixers were analyzed for mixing and flame holding potential. 
The fuel-air mixer studies made use of all the available existing information. 
The mixers studied were: 

1. Swirl -Jet Premixer 

2. Lean Direct Injector (Jet Mix) 

3. Integrated Mixer Flame holder (IMFH) /Venturi IMFH 

4. Cyclone Swirler 

5. Lean Direct Multiple-Venturi 

Figure 3-4 depicts a schematic of the Swirl-Jet premixer design. As 
shown, the design features a radial swirler with an airblast fuel injector on the 
centerline. The fuel exiting from the injector atomizes, vaporizes and mixes 
with the swirling air in the premixing tube. An annular passage around the 
fuel injector tube introduces air to prevent a centerline recirculation zone from 
forming which would increase local residence time and increase the potential 
for autoignition. A second swirler is installed downstream to further enhance 
mixing and to ensure that fuel does not contact the premixer wall. The 
premixed fuel-air mixture exits the premixer and is ignited in the flame holding 
region downstream of the flame holder/ dome plate. 
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end of the centerbody is air-cooled. The swirler is fabricated by cutting narrow 
slots at an angle to the radius in a metal cylinder. The dimensions of the 
swirler are selected to yield an average residence time inside the swirler of 
about 0.3 to 0.4 milliseconds. 


The Integrated Mixer Flame Holder (Figure 3-7) is a lean premixed 

• _ jl. _n : 5 j. _ x. 1 * ^ a. 1 * 



atmospheres. 


The Multiple-Venturi (Figure 3-8) is a lean direct injection concept 
developed at NASA's Lewis Research Center and Textron, Inc. The device 
consists of a small axial swirler, and a miniature simplex atomizer located at 
the throat of a sharp edged venturi. The swirler is designed to provide a strong 
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The following unconventional methods were used to optimize the packin 
density of the mixer combinations. Mixer diameters (and effective areas) were 
varied in proportion to their radial position from the engine axis. Mixer 
numbers on an annulus were varied relative with radial position from the 
engine axis. Mixer circumferential positions were staggered on the annuli so 
that their radial positions could overlap. Though none of these methods are 
desirable, they were resorted to the degree required to establish a reasonable 


higher than desired due to these packing density constraints. 

3.3.2. 1 Swirl- Jet Premixer 

Figure 3-9 depicts a schematic of the Swirl-Jet combustor design. As 
shown, this design features three annular domes. The inner and outer domes 


combustor dome is 14 inches, while the outermost radius is 25 inches, 
resulting in a dome height of 1 1 inches. The combustor length downstream of 
the premixers is 6 inches which results in combustion residence time of about 
3.4 milliseconds at supersonic mid-cruise conditions. Figure 3-9 also exhibits 



turbine inlet temperature (Tj) for the various fuel stages. The plot also shows 
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1 ! 

;e 

through them. The combustor operation now follows the stage-2 line u 

upper flame temperature limit is reached. Next, fuel flow through the main 
stages is increased to 50% in each. At this point, the combustor follows the 
stage-3 line until the upper temperature limit is reached. The next two stages, 
stage 4 and stage 5, include a fully fueled outer dome and 75% fueled inner 
dome (stage 4) and all three domes fully fueled (stage 5). In each case, the 
combustor operation follows the corresponding stage line until the 0.5% 




NAS A/CR— 2005-2 13326 


12 










® The airflow distribution is highly biased to the main stages in order to 
reduce both idle and high power emissions. 

® The pilot dome is designed for a low dome velocity (about 30 feet/ second) to 
provide sufficient flame stability. 

® At high power conditions, most of the fuel is supplied to the main stages. In 
the main stage, the combustion residence times are very short (main stage 
reference velocities range from 60 to 90 ft/ sec), and fuel bums at lean fuel- 
air ratios in order to minimize NOx emissions. 

Table 3-6 depicts the corresponding aero parameters. As pointed out 
earlier, the airflow distribution is highly biased towards main stages (-68%) 
with the remainder distributed almost evenly between the pilot stage and 


Ifrel 


TOM 




Fill 


IMTO 


® All of the designs will need a multi-annular dome with at least two main 
stages and one pilot stage. This in itself offers several combustor system 
design challenges. For example, from the aero standpoint, a multi- passage 



staging control system. 
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3.4 Design of Fuel Staging System 


Control of the fuel-air ratio of the mixture within the constraints dictated 
by combustor stability, emissions, combustion efficiency, and material 
temperature limits is one of the major challenges of the LPP/LDI approaches to 
a low emissions HSCT combustor. Fuel staging is the primary means being 
employed to control the premixer fuel-air ratio, although variable geometry is 
also being investigated. The fuel staging analysis for the four combustor 
system designs presented above were performed by considering 18 discrete 
cycle points of the baseline HSCT engine cycle. The performance of a given 
staging design was then predicted by calculating the fuel-air ratios and flame 
temperatures. In lieu of actual subcomponent data for emissions, available 
correlations were then used to estimate emissions and stability for combustors. 
The disadvantage of the discrete analysis was that the evaluation was not made 
over all the possible combustor operating conditions in the HSCT’s flight 
envelope. 

An additional constraint due to combustor liner material temperature is 
given consideration using a simple cooling effectiveness model. The design 
point for the combustor is mid-supersonic cruise where the flame temperature 
is determined by the NOx El goals, say at 3600 R (2000 K). The most severe 
cycle point in terms of combustor fuel-air ratio and NOx emissions (fully 
staged) is top of climb. If a simple heat transfer analysis is applied to the 
combustor at each of the discrete cycle points, a required cooling effectiveness 
can be calculated based on the most severe point (usually top of climb); 


£c 


Tf— Tml 
Tf-Ti 


where T f is the flame temperature. For example, using the baseline cycle, the 
result is £ c = 0.48, assuming a material temperature limit, T m i, of 2860 R (1589 
K). Nothing is being assumed about the cooling design, only that this cooling 
effectiveness must be attained with the available cooling air for the assumed 
material temperature limit. Generally, at lower power, as T'a decreases, a 
higher T f is used because it is required to maintain stability. 

If the NOx constraint is relaxed at all partially staged conditions (none of 
which are supersonic cruise points) and the material temperature constraint 
used instead the NOx emissions, some very encouraging tentative projections 
can be made. First, at low engine power, the material temperature constraint 
on the upper flame temperature is not restrictive when operating near 
stoichiometric on the pilot stage only and possibly even during operation on the 
second stage. (Slightly rich combustion was already being used for stability at 
idle in the system designs. This analysis indicates it is feasible.) Second, NOx 
emissions are not appreciably affected at supersonic cruise. Third, the NOx 
emissions at subsonic cruise are acceptable. This performance appears to be 
attainable with only four or five fuel stages with reasonable control margins. 
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has a cylindrical flange at the outer and inner diameter to connect to the 
adjacent domes and cowls by radial bolts. The dome assembly is reinforced by 
30 radial struts T 
to minimize de£k 
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cylindrical rings. The cylindrical CMC rings adjacent to the pilot primary zone 
serve as pilot liners. 

The outer and inner liners are one-piece CMC cylindrical shells secured 
at the forward end by radial pins. Like the CMC heat shields, the CMC liners 



1C 

the majority of the pressure load across the li: 
and buckling loads on the CMC shells. The CMC parts are suspended from the 
metal structures, carry no structural loads and carry minimal pressure loads. 



A combustor kinetics model has been used to predict CO and NO 
emissions from the HSCT combustor. The model was developed using the 
C HEM KIN subroutine library. The model consists of a well-stirred reactor 
followed by a plug flow reactor. The former simulates the flame holding region 
of the combustor while the latter simulates the non-recirculating flow region of 
the combustor. The propane-air chemical kinetics model of Nguyen, Bittker 
and Niedzwiecki[2] with a few modifications was used. The model has 98 
c’ 










e cooling air was assumed not to mix with 


?ases for 


predicted, nowever, mere, me l,u is more nicely to c-e quencnea Dy mixing 
with the cooling air in the turbine, which was not considered in the 
calculations. 

The second issue addressed in another series of calculations was the 
relation between NO and CO emissions, combustor flame temperature and 
combustor residence time. A flame temperature of 3600 R (2000 K) had 
preyiously been tentatively selected for the combustor design point of mid- 
cruise. The high T 4 of 3287 R (1826 K) at mid-cruise and the requirement for 



complicate the challenges of high aspect ratio of dome height to combustor 
length (already as high as 3 to 1), but also decrease liner cooling air 
requirements (because the liner area would be smaller). 



model results shown in Figure 3-19, it is apparent that combustor designs with 
residence times longer than about 2.5 or 3.0 milliseconds will significantly 
increase NO emissions whenever the flame temperature is allowed to increase 



the total effective air flow area for the combustor to meet pressure drop 
requirements and then selecting the size and number of the fuel stages. The 
size of a fuel stage is characterized by the combined effective air flow area of 
the fuel-air mixers being fueled by that fuel stage. The stages are numbered in 
order of their use with increasing engine power. The flow area of a given stage 
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The pilot stage effective flow area is selected to yield good stability at the 
low combustor fuel-air ratios which occur at flight and ground idle conditions. 
The area used in this design is 30 in 2 . NOx emissions during pilot-only 
operation were not considered since the Roffe and Venkataramani (1) 
correlation does not apply near stoichiometric operation (and consequent very 
high flame temperatures) and with poor prevaporization which will occur at the 
low inlet temperatures. 

Selection of the effective air flow area to be fueled during subsonic cruise 
was a three-way trade-off between emissions performance, operability and 
system complexity. Based on the current limited emissions data base, there 
were several possible fuel-staging system design choices. The subsonic cruise 
effective air flow area could be selected to minimize subsonic cruise emissions. 
This would involve a trade-off between CO, UHC and NOx emissions. Based on 
the IMFH emissions data obtained so far, the best choice for the flame 
temperature would be at least 3690 R (2050 K), or higher than the supersonic 
mid-cruise design point. The corresponding stage flow area would leave very 
large stage area gaps in a three stage design. Therefore, it is unlikely that the 
fuel-air ratio operating range of a premixer would allow as few as three fuel 
stages for the combustor system design for this engine cycle. A five stage 
design would result if at least one additional stage above and one stage below 
the subsonic stage would be needed for the necessary operability. 

A system design with as few as four fuel stages appears to be a 
possibility, if the stage areas were based on operability considerations alone. 
The subsonic cruise point could be included in the second stage if its area was 
increased relative to a five stage design, the third stage of the five stage design 
was eliminated, and the third stage (the old fourth stage) had a reduced area. 
72 and 107 in 2 were selected for the second and third stages areas of this four 
stage design. Higher subsonic cruise flame temperatures, good combustion 
efficiency and acceptable NOx emissions would result. 

Once the air flow areas of the fuel stages are determined, the cycle points 
can be allocated among the stages. The combustion fuel-air ratio, flame 
temperature, combustion efficiency and NOx emissions can be estimated. The 
allocation is based upon a correlation for the minimum flame temperature for 
99% combustion efficiency as a function of combustor inlet temperature. In 
the past, a 99% combustion efficiency correlation was contrived from a stability 
correlation due to Roffe and Venkataramani [3] by adding a constant 
temperature. This interim combustion efficiency correlation did have the 
expected trend with combustor inlet temperature. Part way through the 
system design effort, a correlation for the required flame temperature (for 99% 
combustion efficiency) based upon actual IMFH data at three inlet 
temperatures was adopted. This correlation is a nonlinear function of inlet 
temperature and reflects the higher sensitivity of the IMFH's efficiency to inlet 
temperature compared to the previous correlation (which was based on the 
premixing and combustion of gaseous propane). 

Other considerations during the design included the maximum possible 
flame temperature as constrained by the combustor liner material temperature 
limit. A simple heat transfer model is used to relate maximum flame 
temperature to the combustor inlet temperature. 
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The results of this design in terms of flame temperatures plotted versus 
combustor inlet temperature for 29 engine cycle points is shown in Figure 3- 
20. Also shown in the plot are: the 99% combustion efficiency limit, the flame 
temperature corresponding to a measured NOx El of 5 for the IMFH, and the 
flame temperature limit for a 2860 R (1589 K) liner material temperature. The 
points violating the I M PH’s 99% combustion efficiency limit are for the pilot 
only stage, whose mixers will be required to demonstrate wider operating limits 
for inlet temperature than the IMFH. The resulting estimates for the NOx 
emissions (from the correlation and interpolated from IMFH data) and 
combustion efficiency for some important cycle points are shown in Table 3-8. 
A diagram which plots the flame zone equivalence ratio versus overall 
combustor fuel-air ratio is shown in Figure 3-2 1 . The linear relationships 
reflect their dependence on fuel-stage air flow area described above. The large 
gap between the pilot and second stages resulting from shifting the 
intermediate stage areas upwards is apparent. 


Table 3-8 

Combustor System Using Four Fuel Stages 
Design Based on Actual IMFH Configuration 5 Emissions Data (Preliminary) 




Baseline HSCT 

LPP/LDI Cycle 




Stages 

T 

* flame 

0 


EW 

Comb. 





GASL 

IMFH 

Ineff. 


(#) 

(R) 


(g/Kg) 

(g/Kg) 

(%) 

Take-off 

4 

3372 

0.51 

1.8 

2 

0.06 

Subsonic climb 

4 

3449 

0.56 

2.4 

2 

0.6 

Max. climb 

4 

3898 

0.59 

7.1 

5 

0.3 

Supersonic cruise 

4 

3600 

0.51 

3.6 

3 

0.2 

Supersonic idle 

1 

4140 

1.27 

- 

- 

- 

Subsonic cruise 

2 

4029 

0.78 

10.7 

7 

0.4 

Subsonic idle 

1 

4156 

1.09 

- 

- 

- 

Approach 

2 

3490 

0.61 

3.1 

2 

1.0 

Ground idle 

1 

4231 

1.04 

- 

- 



The relative contributions to NOx emissions of three flight conditions 
above 42,650 feet (13 km) can be estimated. These estimates for a 5000 mile . 
mission are shown in Table 3-9. The NOx El estimate shown in the table for 
descent is probably high. The fuel-air ratio is too high for the Roffe- 
Venkataramani correlation to be applied, A conservative (high) estimate of the 
NOx El was used. In any case, its contribution to the total is negligible. 
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Table 3-9 


Preliminary Estimates of NOx Emissions above 13 Kilometers 

5000 Mile Mission 


Cycle Point 

Time 

Fuel flow 

NOx El 

NOx 

NOx 

(min.) 

(lb/ engine hr) 

(g/kg fuel) 

(lb) 

(% of total) 

Climb 

4.0 

26,308 

7.1 

50 

6,7% 

Start Cruise 

67.3 

19,248 

3.0 



Mid Cruise 

67.3 

15,915 

3.6 

686 

91.8% 

End Cruise 

67.3 

11,982 

3.1 



Descent 

4.8 

1,697 

20" 

11 

1.5% 


* Estimate 


It should be emphasized that these system design results are preliminary 
based on the small effort invested in optimizing the design parameters. A more 
accurate analysis will require a larger emissions performance data base for the 
fuel-air mixers. Some design aspects have not yet been proven to be feasible; 
most notably the heat transfer design for the combustor liner, the 2860 R 
(1589 K) liner material and the pilot stage mixer low inlet temperature 
operability, 

4.0 SUBCOMPONENT TESTING AND EVALUATION 

This section discusses the development and testing completed on the five 
mixer concepts selected for further development in section 3.3.1 above: 

1 . Swirl-Jet Premixer 

2. Lean Direct Injector (Jet Mix) 

3. Integrated Mixer Flame Holder (IMFH) /Venturi IMFH 

4. Cyclone S wirier 

5. Multiple- Venturi 

This section concludes with a summary of the IMFH cold flow mixing 
activities completed at GE’s Corporate Research and Development Center 
(CR&D) and the IMFH Laser diagnostic activities completed at Pennsylvania 
State University. The complete reports are contained in Appendices 9.2 and 
9.3, respectively. 

Figure 4-1 exhibits a schematic of the low-pressure single-cup test rig. A 
salient feature of this rig is the use of cast-in-place ceramic liners (based on 
practice at NASA’s Lewis Research Center) for the combustor. The use of a . 
ceramic liner allows combustor walls to operate at high temperatures resulting 
in hotter thermal boundary layers; which are representative of the actual 
proposed combustor in which the liners are expected to be backside cooled. 

The dome/rig interface was designed for quick installation/ removal of the test 
piece by using a common interface for all dome configurations. 
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4.1 Swirl- Jet Premixer 


This section discusses the design and development of the Swirl-Jet 
premixer. The Swirl-Jet premixer was an attempt to increase the IMFH 
concept’s scale while maintaining the IMFH’s low NOx and high combustion 
efficiency characteristics. This would have the potential of decreasing the 
number of fuel injection points. Swirl was used to enhance the fuel/ air 
uniformity in the large premixer. The predicted droplet evaporation 
characteristics, 2-D CFD model results, as well as low and high pressure (4 
and 18 atmospheres respectively) single-cup test results of the Swirl- Jet 
premixer are discussed. 

4.1.1 Evaporation Characteristics 

A short description of the Swirl-Jet premixer concept has been given in 
Section 3.3.2. 1. A schematic of the Swirl-Jet premixer is shown in Figure 3-4. 
The rather complex combination of swirlers used in the Gen 1 Swirl-Jet design 
are used to promote a moderate amount of shear and mixing in the radial 
direction both inside the premixing chamber to generate a more uniform 
premixture leaving the premixer. The shear and radial mixing occurring inside 
the jet as it exits into the combustion chamber also promote burning across 
the jet and help to keep the flame length short. 

A one-dimensional vaporization model was used to provide some insight 
into the vaporization processes involved and to give first order estimates of the 
evaporation time scales for a premixer of this type. These evaporation 
calculations were carried out using the HOWLEVAP code to calculate drop 
trajectories, velocities, instantaneous drop sizes and temperatures. The fuel 
vapor fraction was computed for the developed spray downstream of the fuel 
injector. The fuel was assumed to be single component JP-5 for these 
computations fuel with the properties calculated at the 50% distillation point of 
the fuel. 

One of the HOWLEVAP code inputs is the Rossin-Ramler exponent for 
the spray distribution. This exponent was assumed to be 1.3 for all of the 
computations. The SMD at various operating conditions was computed using 
the following correlation due to Rizkalla and Lefebvre (2). 


SMD = 0.95 • • 


(or •??;,) 


0.33 


U D 


_ 0.37 

P L 


0.30 

y A 


— 1 1 .70 


! + ■ 


ALR 


+ 0.13 • 


d„ 


0.50 


11.70 


+ ' 


cj-p, 


ALR 


. Table 4-1 depicts the computed values of the initial droplet SMD's at four 
conditions: mid-cruise, ground idle, standard day takeoff and subsonic max, - 
cruise. As shown in the table, the droplet diameters range form 31 microns to 
44 microns at these conditions. 
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Pa 

t 3 

SMD 

(atm) 

ill 

(microns) 

10 

1660 

37.12 

3.5 

815 

43.96 

19.27 

1350 

30.62 

6.63 

1159 

37.39 


Mid-Supersonic Cruise 10 1660 37.12 

Ground Idle 3.5 815 43.96 

Standard Day Take-off 19.27 1350 30.62 

Subsonic Maximum-Cruise 6.63 1159 37.39 

Figure 4-2 depicts the computed fuel spray distribution for 30 and 50 
micron sprays. Both the sprays demonstrate that only about 25% of the 
droplets are centered around the SMD, with a larger number of the fraction 
ed over other droplet size range. Figure 4-3 depicts the 
storv of the 30 and 50 micron size droplets. These 

ray is injected into the 1660 R (922 K) air 
500 fps. As shown in the figure, 50 micro! 
[y vaporize, while the 30 micron spray take 
An important observation from this figure 
(>90%) vaporizes in less than 0.50 msec. 


plug flow velocity profile at the exit of the jet. As shown in Figure 4-4a, a weak 
central toroidal recirculation zone is established on the centerline, which 
disappears with the introduction of the central jet (Figure 4 -4b). 


e droplet trajectory history of the spray mj ‘ 
me a = u location, me conditions are an air inlet air temperature oi iddu rc 
(922 K), a main air stream swirl angle 60°, and droplet sizes ranging from 5 to 
60 microns. As shown in the figure, most of the spray vaporizes within the fir 
65% of the premixer length downstream of the fuel injector. This corresponds 
to a predicted droplet evaporation time of 1.2 msec. 

4.1.3 Single-cup Testing 


Five single-cup tests on the swirl jet concept were completed, and are 





The pertinent features of configurations 1, 1A and 2, fuel injector type 
and swirler vane configuration, are given in Table 4-2. Configuration 1 used a 
'uel nozzle while configuration 1A used a 60° sorav angle and 
fuel nozzle. Configurations 1 and 1A were 
n 
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Table 4-2. Swirl- Jet Configurations. 
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combustion inefficiencies measured at these conditions. This was especially 


the case for Configuration 1 . 



A new fuel injector was designed to distribute fuel more uniformly in the 
Swirl-Tube's premixing chamber. This injector consisted of four radial fuel 
spray bars which were placed at the exit of the venturi. This spraybar 
arrangement provides multiple injection points and with more uniform fuel 
distribution. As shown in Figure 4-8. this spraybar fuel injector design was 
used for Configurations 2a and 2b. The flow number of the spraybar fuel 
injector was measured to be 14.60. Pertinent features of Configuration 2 are 
given in Table 4-3. Configurations 2a and 2b were distinguished by their 
swirlers: 

Configuration 2a Co-rotating Swirlers 

Configuration 2b Counter-rotating Swirlers 
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The test conditions for Configurations 2a and 2b were nearly the same as 
those for Configurations 1 and la. The test conditions for Configurations 2a 
and 2b are shown in Table 4-3b. 


Table 4-3b. TEST CONDITIONS FOR SWIRL JET CONFIG 2 


Configuration 
Pa, psia 
T 3l R 

AP , % Pinlet 
Combustor T re s, ms 


2a 

17 - 60 
910 - 1460 
2 - 7 
1.8 - 4.0 


2b 

60 

910 - 1460 
2 - 7 
2.3 - 4.2 


Figure 4-9 compares the measured NOx El as a function of flame 
temperature for co-rotating and counter-rotating configurations. The open 
symbols correspond to co-rotation, while closed symbols correspond to 
counter-rotation. In general, co-rotation resulted in higher NOx and poorer 
combustion efficiencies, causing most of the co-rotation data points to fall 
outside of the previously measured data set. There was no significant influence 
of pressure drop on measured NOx values. Configuration 2b (counter-rotating 
swirlers) yielded NOx values far below the desired program goal of 5 EL In 
particular, at 3600 R (2000 K) flame temperature, the measured average NOx 
emissions value was a little over a 1.20 EL However, low NOx emissions with 
acceptable combustion inefficiencies were only attained with Configuration 2b 
for inlet temperatures of 1410 R (783 K) or more. 

Figure 4-10 compares the combustion inefficiency data for counter- and 
co-rotating configurations. The influence of inlet temperature (T 3 ) on 
combustion inefficiency is quite evident. As T 3 is increased from 1 1 10 R (617 
K) to 1460 R (811 K), the inefficiency was reduced significantly. Configuration 
2b is seen to yield combustion inefficiencies in the range of 4% to 2% at low 
temperature (T 3 = 1110 R, 617 K) conditions. Also, counter-rotation is seen to 
result in improved combustion inefficiencies compared to co-rotation, except at 
T 3 =1460 R (811 K). The inefficiency is affected by two counter-balancing 
factors: mixing and residence time. Counter-rotation yields high turbulence 
intensities than co-rotation which could have resulted in better mixing and 
improved combustion efficiency. 

4. 1.3.3 High Pressure Single-cup Test 

Pertinent values of the parameters for the high pressure test of the Swirl 
Jet and the configuration are shown in Table 4-3c. 

Table 4-3c. CONDITIONS FOR HIGH PRESSURE SWIRL JET TEST 


P 3} psia 
T 3 , R 

AP, % of Pinlet 
Combustor T re s, ms 
Equivalence Ratio 
Swirlers 
Fuel Injector 


60 - 268.7 psia 
1410 R - 1627 R 
5 

2.2 - 3.4 
0.27 - 0.55 
Counter-Rotating 

Crossed Spraybar mounted at Venturi Exit 
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Table 4-4. Cell 5 Test Conditions and Measured Emissions Data for the Swirl Jet. 
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Table 4-4 lists the combustion efficiency and the NOx emissions data for 
the high pressure single-cup test of the Swirl Jet. The combustion efficiencies 
are 99% and above for most of the test conditions. However, the measured 
NOx levels are high, especially at the higher pressures (P 3 =150 and 260 psia). 
Figure 4-11 contrasts two measured fuel-air ratio profiles acquired at 60 psia 
and at 267 psia. As shown, the profile at 60 psia (Profile A) is uniform with 
maximum variation in fuel-air ratio being about 5%. The profile at 267 psia 
(Profile B) shows significant radial variation in the measured fuel-air ratio 
profile and could be as high as 22%. This variation in the fuel-air ratio profile 
at the measurement plane could be the cause of high NOx at high pressure 
conditions. 

Post-test inspection of the hardware did not reveal any signs of hardware 
damage, indicating autoignition and flashback-free operation of the combustor, 
even at the most severe test point (267 psia, 1627 R, 904 K). 

4.2 Lean Direct Injection (LDI) 

Lean direct injection has been found to yield NOx levels which are 
comparable to LPP and yet offer the stability of conventional combustor design. 
The LDI concept selected for development was originally developed by Gordon 
Andrews and his co-workers. Figure 4-12 shows a schematic of this single-cup 
Jet Mix premixer. This section describes the initial development of the 
premixer via an innovative combination of CFD modeling and Design of 
Experiments (DOE). A discussion of the initial atmospheric and high pressure 
test results is then presented. An attempt to enhance the emissions 
performance of the mixer by improving the fuel atomizer concludes this section. 

4.2.1 Jet Mix CONCERT 3-D Analysis Using Design of Experiments 

A CONCERT 3-D model of the Jet Mix concept was created to study the 
effects of various design parameters on NOx formation. An experimental 
design using DOE methodology was then created which utilized this CONCERT 
3-D model. The basic 8-run “analytical experiment” indicated that several 
design variables can have a significant impact on calculated NOx results. In 
order to separate the main effects from possible two factor interactions, a 
reflected study of 8 runs was done. By combining these two studies it was 
possible to separate two factor interactions from the single factor effects. In 
addition, the second study independently confirmed that the active factors seen 
in the initial study were in fact real effects and not random variations. The 
factors considered in the study are shown in Table 4-5. 

The factors found to have a significant effect on NOx were radial hole 
airflow, the interaction between radial hole airflow and axial hole position 
(factors A and C), the interaction between axial hole position and cup length 
(factors C and G) and the interaction between axial hole position and fuel 
injector diameter (C and F). The optimum combination of these factors (for low 
NOx) occur when factors A, F and G were at the high level (1), and factor C was 
at the low level (0). 

It should be noted that although the CONCERT3D code computes NOx 
values which appear to be of reasonable magnitude, the absolute levels may 
not replicate the levels emitted under actual test or flight conditions. However, 
the relative changes in NOx values are believed to be representative. 
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D Circumferential Location of the Axial Hole 
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(from the Forward Cup Wall) 
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.2.2 Jet Mix Cold Flow Spray Visualization Testing 
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Figure 4-19 shows variation of NOx El versus corrected flame 
temperature, for configuration 1. As shown in the figure, the measured NOx 
data is found to vaxy from an El of 1 g/kg at 17 psia and 710 R (394 K) inlet 
temperature to El of about 12 g/kg at 60 psia and 1360 R (756 K) inlet 
temperature. The data show that the NOx El is relatively independent of the 
corrected flame temperature and is sensitive to inlet temperature. This is 
characteristic of a highly non-uniform fuel-air distribution. 

Subsequent tests showed that the pressure drop across the radial holes 
is less than expected due to the constrictions in the annular passage leading 
up to the radial holes. The pressure drop across the radial holes was 3.7% 
compared to 5% across the axial holes. The fuel injector support that caused 
the constriction has since been removed, increasing the pressure drop across 
the radial holes to 4%. 

4.2.4 Fuel Atomizer Improvements 

The results of the pressure test indicated that the fuel jets were passing 
through the radial/ axial jet interaction without being vaporized, and impinging 
on the cup wall opposite the radial holes. A remedy for this problem is to 
decrease the fuel/ radial air momentum ratio to below 100 by increasing the 
diameter of the fuel holes. This in turn should decrease penetration of the fuel 
jet, allowing the turbulence created by the axial /radial jet interaction to 
atomize the spray. This approach should increase mixture uniformity, lower 
local flame temperatures and improve combustion efficiency and NOx 
emissions. 

Fuel tubes with larger holes (diameter of 0.0313 inch), designed to 
reduce fuel penetration were evaluated with water spray testing. Based on 
these tests, the spray quality of the fuel tubes is acceptable. Experimentation 
with inserting smaller diameter tubing inside the fuel tube to change the 
characteristics of the fuel flowfield as it approaches the hole in order to improve 
atomization was also completed using water spray testing. Inserting 0.072 
inch OD tubing into the fuel tubes with 0.0125 inch diameter radial holes 
improved radial jet atomization the most over the baseline of no inner tube. 
Repeating the test with the fuel tube having the 0.0313 inch diameter holes 
resulted in a degradation of the discrete jet characteristics. 



Testing of the two best fuel tube concepts for radial fuel jet penetration 
was completed in the single-cup rig. Testing consisted of spray visualization 
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tube with eight 0.0313 in diameter holes in line with the radial air holes. 
Configuration 7 was similar except the central fuel tube was replaced with one 
containing eight 0.0125 in diameter holes and a 0.072 in OD flared end inner 
tube. Each configuration was tested at inlet conditions of 4 atmospheres 
pressure and inlet temperatures of 910 R, 1 120 R, and 1410 R. As shown in 
Figure 4-1, both the configurations were tested using the 4.89 inch diameter 
cast ceramic liner, with the emissions probe 2.62 inches downstream of the 
cup exit. This configuration yielded a bulk dome velocity of 22.7 ft/s and a 
combustor bulk residence time of 3.2 ms, based on an inlet temperature of 



higher than IMFH at design flame temperature below 3600 R. As the inlet 
temperature is increased to 1410 R (783 K), the results plotted in Figure 4-2Qc 




the IMFH and Multiple-Venturi above flame temperatures of 3600 R, 
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The Integrated Mixer Flame Holder (IMFH) was initially developed under 
contract NAS3-25552 during which IMFH Configurations 1 through 3 were 
tested. Low emissions (4.1 El NGx and 99.7% combustion efficiency at a 3593 
R (1996 K) flame temperature) were demonstrated in flame tube tests for near 
design inlet temperatures (1626 R, 903 K) but at low inlet pressure (4 atm). 
The contract concluded with the design, procurement, and assembly of IMFH 
high pressure test rig and mixer (Configuration 4) hardware to evaluate 
emissions and the potential for autoignition and flashback near design 
conditions. 

IMFH design efforts in this contract were initiated with high inlet 
temperature and pressure flame tube testing of IMFH Configuration 4. Dome 
cooling air flow introduction into the mixer air flow was developed in 
Configuration 5. This key design feature was necessary to allow incorporation 
of the IMFH into combustor dome designs. An alternate dome cooling air 
insertion design, as well as Injector immersion effects were evaluated in 
Configuration 6. A summary of the major design parameters varied for IMFH 
Configurations 1 through 6 is shown in Table 4-7. Alternate IMFH designs, 
such as the venturi IMFH (discussed below) were also studied. 

IMFH development has continued under contracts NAS3-26617 and 
NAS3-27235 with sector and flame tube tests evaluating fuel injector and 
mixer tube design variations to better implement an IMFH combustor main 
dome. 

4.3.1 IMFH Configuration 4 Testing at High Inlet Temperature & Pressure 

Integrated Mixer Flame Holder (IMFH) Configuration 4 successfully 
operated at 145 psia and 1600 R (889 K) inlet conditions with 5% and 3% 
combustor dome pressure drop. This is the design engine cycle mid-cruise 
inlet pressure and approaches the mid-cruise inlet temperature of 1675 R (931 
K). NOx emissions were below HSCT goals and combustion efficiencies were 
99.8% and higher. At 5% pressure drop, NOx emissions ranged from 0.7 to 6.3 
El for averaged gas sample equivalence ratios of 0.41 to 0.57 corresponding to 
efficiency corrected flame temperatures of 3207 R to 3774 R (1782 K to 2097 
K). Combustion efficiency ranged from 99.93 to 99.80%. NOx emissions at 3% 
dome pressure drop (lower velocity and subsequently longer combustion 
residence time) were 1.8 and 5.1 El NOx for 0.44 and 0.51 sample equivalence 
ratios (3335 R & 3568R, 1853 K & 1982 K flame temperatures). These results 
compared favorably with those of previous IMFH configurations as shown in 
Figure 4-22. 

The high pressure and temperature test point schedule which 
encompasses a range of pressures and temperatures emulating HSCT cycle 
operating ranges is summarized in Table 4-8. The maximum combustor inlet 
pressure and temperature (at supersonic cruise, cycle Cl) correspond to 220 
psia and 1675 R (931 K). The combustor inlet temperature at SLTO is 1350 R 
(750 K'j. Cell 5 testing was carried out at the test conditions of 4 atm and 1410 
R (783 K) to 10 atm and 1600 R (889 K) to emulate these cycle points within 
the constraints of the cell facility. The results of these tests are described 
below. 
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Table 4-8. IMFH High Pressure Test Conditions. 
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Roffe-Venkataramani's [3] premixed NOx correlation for propane is also plotted 
on the figure for comparison. The test data collapse onto a single curve and 

ts „ f f „ \r — _ :>_ i _ t_i i 'i .* 
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for the same configurations. As shown in the figure, Configuration 4 at 4 atm 
has resulted in inefficiency as high as 14% to 21% compared to less than 
0.25% for Configuration 4 at 10 atm. In comparison, Configuration 3b 
combustion inefficiencies dropped from a maximum of only 2.2% at a 1360 R 
(756 K) inlet to 0.4% and less at a 1630 R (906 K) inlet. Configuration 4 
differed from previous IMFH configurations in that the spent flameholder 
cooling air was dumped as a film into the flame tube. Evidently, the low 
temperature spent dome cooling air discharged near the flame tube walls 
re 



more combustion airflow 
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eliminating the cooling air film which quenches combustion reactions. Figure 
4-30 shows a schematic of the flameholder cooling air injection design of 
Configuration 5, where spent cooling air is injected into the premixer just 
before the premixer exit. 

The measured combustion inefficiency and NOx emissions for 
Configurations 4 (no spent air addition in premixer) and 5 (spent air addition in 
premixer) are compared in Figures 4-31 and 4-32. The data demonstrate no 
detrimental effect of the spent air injection on high inlet temperature 
combustion inefficiency and NOx emissions. These tests showed combustion 
inefficiency and NOx levels substantially below program goals over a wide range 
of operating conditions. As shown in Figure 4-33, the spent air injection 
showed lower combustion inefficiency at 1 1 10 R (617 K) inlet temperatures and 
high flame temperatures. 

Possible impacts of the spent air addition in the premixer include 
improved stability due to increased mixing of recirculated combustion gases at 
the point where they first come in contact with the premixed fuel-air mixture. 

As well as improved performance at low inlet temperatures due to the air jets 
reatomizing unvaporized fuel as it exits the IMFH tubes. A risk of the added air 
was that it would result in a greater variation in the premixer fuel-air ratio. 
Wide variations in premixed fuel-air ratios have generally been related to higher 
thermal NOx production for a given average fuel-air ratio. There has been no 
evidence of this by the IMFH test data. It might be that the small-scale of the 
IMFH creates small scale nonuniformities which mix out before the integrated 
effect of the hot spots can impact the NOx emissions. 

The IMFH Configuration 5B test was a major success with stable 
operation demonstrated over a range of test conditions from 1410 R (783 K) 
and 4 atm to 1656 R (920 K) at the design point inlet pressure of 10 
atmospheres. This test also demonstrated autoignition/ flashback-free steady 
state operation of IMFH Configuration 5B for most of the HSCT steady state 
design cycle conditions by running up to 1631 R (906 K) and 17 atm inlet 
conditions with as little as 3,6% dome pressure drop. The test results 
supported use of this dome cooling air injection into the mixer tubes design for 
the first sector design. 

Key Configuration 5B test result data trends are readily apparent in the 
following figures which compare Configuration 4, 4B, 5A and 5B results. Note 
that the emissions data are arithmetic averages of five samples taken during a 
radial traverse. Also recall the differences between Configurations 4, 4B, 5A 
and 5B which are summarized in Table 4-9. 


Table 4-9. IMFH CONFIGURATIONS SUMMARIZED 


Configuration 

Facility 

(Riel 

Dome Cooling 
Air Discharge 

Fuel Iniectors 

4 

Cell 5 

As Liner Film 

Original Hypo Injectors 

4B 

306 

Around Combustor 

Same as 4 

5A 

306 

Into Mixer Tubes 

Same as 4 and 4B 

5B 

Cell 5 

Into Mixer Tubes 

New Set Like 4, 4B, & 5A 
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NOx emissions data are presented as a function of corrected flame 
temperature in Figure 4-34. Configuration 5B NOx emissions were below goal 
at the design flame temperature, within the range of previous results and 
followed similar trends. There was little difference between Configurations 5B 
and 5A NOx emissions, although the combustion zone residence times of 
Configuration 5B (4.1 to 5.7 ms) are longer than those of Configuration 5A (2.6 
to 3.9 ms). 

In Figure 4-35, the influence of combustor residence time has been 
eliminated by dividing NOx emissions by the residence time. Most of the 
Configuration 5B data falls at or just below the Roffe-Venkataramani LPP 
propane combustion correlation line. With the exception of the low pressure (4 
atm) Configuration 4 data, the NOx emissions followed very consistent trends. 
Thus, the differences between Configuration 4B, 5A and 5B had no impact on 
NOx emissions. 

Figure 4-36 shows the low combustion inefficiencies, well below the goal, 
demonstrated for a wide range of flame temperatures (-3150 R - 4320 R, 1750 
K - 2400 K). At the same inlet pressure (4 atm), differences between 
Configuration 4B, 5A and 5B had no impact on combustion inefficiency despite 
30 to 40% difference in combustor residence time. It is therefore expected that 
Configuration 5B would maintain low combustion inefficiencies with combustor 
residence times reduced to Configuration 5A test levels (30 to 40%). 

Combustion inefficiencies decreased at the elevated pressures tested with 
Configuration 5B. One of the 1650 R (917 K) and 10 atm Configuration 5B test 
points doesn't even appear on the plot due to its very low emissions. 

Figure 4-37 shows combustion inefficiency plotted as a function of NOx 
emission index. The data follow the trends of the previous figures with reduced 
inefficiency at elevated pressures and a majority of the data satisfying both 
NOx and combustion inefficiency goals. ’ 

4,3.3 IMFH Configuration 6A Testing - Alternate Spent Cooling Air Injection 

The objective of this test was to identify any compromises in combustion 
efficiency, flame stability, and/or NOx emissions due to a shift in dome cooling 
air discharge location to the face of the flame holder in Configuration 6 rather 
than into the mixer tubes as in Configuration 5. The benefit of this new 
discharge hole location would be reduced IMFH mixing tube air flow blockage. 
Mixer tube flow blockage is concerning since it reduces the air velocity and flow 
past the injectors (reducing fuel atomization) and increases the residence time 
in the premixer (increasing the possibility of autoignition). 

A schematic of IMFH Configuration 6 is shown in Figure 4-38. It used 
Configuration 3B hardware (7 mixer tubes with 0.560 inch inner diameters and 
hypodermic injectors) modified to inject flame holder cooling air through the 
face of the flame holder. Figure 4-30 shows a schematic of Configuration 5 to 
allow a comparison of dome cooling air injection methods. Configuration 6 had 
larger mixer tube inner diameters (0.560" vs. 0.495"), smaller length to tube 
diameter ratios (8.0 vs. 9.1} and a larger dome blockage (88% vs. 83%) than 
Configuration 5. 


IMFH Configuration 6A was tested in the low pressure test facility at inlet 
temperatures ranging from 910 R (506 K) to 1410 R (783 K), and at pressure 
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discharge coefficient (which implies a constant exit diameter) were assumed for 
a given flight condition. Other assumptions were an isentropic inlet, a straight 



decreasing the throat diameter of the venturi. This was due to higher velocity 
within the premixer section leading to lower static temperatures and a 
corresponding increase in auto ignition time. With a decrease in throat 
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analysis and/or experimentation. 


4.4 Cyclone Swirier Premixer 



trend. In early sketches of this nozzle, extensions were included on the 
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four atmospheres. Combustor inlet temperatures were varied from 710 R (3‘ 
K), the minimum temperature at which it would ignite, to 1420 R (789 K). 
Pressure drops ranged from 4.9 to 7.6%. The combustor reference velocities 
ranged from 36 to 70 ft/ sec. Emissions data were obtained at the nominal 
inlet temperatures of 910 R (506 K) , 1 1 10 R (617 K) and 1410 R (783 K). 
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(indicated by the dashed perimeter). The NOx emissions index at the mid- 
supersonic cruise design point for the combustor is estimated to be 5.8 g/kg 
fuel (calculated from the third order polynomial best fit of the data at a flame 
temperature of 3600 R or 2000 Kj. Thus, the first configuration of the Cyclone 
Swirler nearly meets the program goal of 5 g/kg for the NOx emissions index. 
Based on the results of this evaluation, it appears the Cyclone Swirler can be 

. - a . . • H V 1 C ■ — £ -4-1- 



the NOx is thermal. The correlation is referred to here as the GASL correlation. 
The GASL NOx emissions data were for premixed propane and air flames. The 
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fully quenching the sample at these conditions. This is often seen 
r tests, but the cross-over occurs at a lower temperature than in 



ss of : 

>r the 

scale of the jets needs to be larger in the Cyclone S wirier, so the 
nonuniformities will not mix out as quickly and thermal NQx production will 
increase. 
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minimize the air injected into the combustion zone and to minimize the airflow 
crossing the impingement jets. The ratio of physical area of the impingement 
baffle holes to the physical area of the discharge holes in the original 
configuration of the single-cup Cyclone S wirier was 0. 15. In the current 
configuration it is 0.67. The modified Cyclone Swirler was designated 
Configuration 2. 


4.4.4. 1 Configuration 2 Cyclone Swirler Tests at Low Dome Reference Velocity 

Configuration 2 was tested in an open rig at atmospheric pressure. The 
combustor rig hardware available at the time (4.84 inch liner inner diameter) 
dictated that the first tests be performed at a nominal dome reference velocity 
of 18 feet/ second, which is below typical pilot dome values. The open rig 
allowed visual inspection of the flame characteristics during the stability tests. 
In this atmospheric test, the stability of the new configuration was excellent. 
Video tapes comparing the appearance of the flame in the two configurations 
showed no significant difference. Lean blowout occurred well below an 
equivalence ratio of 0.15 at 910 R and 1 1 10 R (506 K and 617 K) inlet 
temperatures. Also, for the first time, Cyclone Swirler ignition was 
accomplished at ambient inlet temperatures, albeit at very high fuel flows. The 
very low dome reference velocity has to be taken into account, when 
considering the good stability and ignition results of this test. 

Two pressure tests of Configuration 2 of the Cyclone Swirler were 
performed at 4 atmospheres. Excellent flame stability was observed in these 
tests. These tests were also performed at a nominal dome reference velocity of 
18 feet/sec. The NOx emissions results in these two pressure tests were at the 
same level as those for Configuration 1. As seen in Figure 4-54, there is 
indication of the inlet temperature having an effect on the NOx emissions, 
suggesting that the fuel-air mixing is not completely uniform. 

As shown in Figure 4-55, the measured CO emissions index were below, 
but generally close to, the calculated equilibrium CO concentrations. 

Normally, this would be an indication that the probe is not quenching the 
sample very well. However, since the deviation below equilibrium remains 
small and constant over a very wide range of flame temperatures, it is more 
likely that the CO is in fact at equilibrium and there is small consistent error in 
the calculated flame temperatures. The evidence that there is a small 
consistent error is strongest for the CO emissions point at 2800 R (1556 K). It 
is below the equilibrium line by the same amount as at flame temperatures up 
to 4200 R (2333 K). The probe should not have any difficulty in quenching the 
2800 R sample. The ability of the probe to quench the sample should be a 
strong function of flame temperature. There is no evidence that the ability of 
the probe to quench the sample is changing as the flame temperature 
increases. 

Only at flame temperatures below 2800 R (1556 K) does the CO 
combustion become kinetically limited. The excellent CO emissions 
performance of the Cyclone Swirler may be partly due to the long combustor 
residence time in these tests. The sampling plane was 7 inches downstream of 
the pilot dome resulting in a nominal value of the combustor residence time of 
10 milliseconds. Constraints in the rig hardware available at the time of the 
test prevented obtaining a shorter residence time at the 18 ft/ sec reference 
velocity being tested. 
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Judging from the noise levels, the dynamic pressure continue to be much 
lower than the Configuration 1, which had no spent cooling air injection. 

In these two pressure tests of Configuration 2, the ignition 
characteristics have been considerably improved over Configuration 1 . Ignition 
is reliable at ambient as well as higher inlet temperatures. Air injection had a 
similar beneficial effect on the ignition characteristic of the IMFH. 

4. 4, 4. 2 Configuration 2 A Cyclone S wirier Tests at Vref = 30 ft/s 

Two additional pressure tests were completed with the Configuration 2 
HSCT Cyclone Swirler single cup hardware. These tests were performed at four 
atmospheres pressure in a new castable ceramic combustor liner with a 3.67 
inch diameter. These tests are referred to as configuration 2A due to the 
different liner used. The new combustor liner yields the same reference 
velocity as the pilot stage of the sector combustor (about 30 feet/ second) and 
with the sampling plane at 7 inches yields a nominal combustor residence 
times of about 6 milliseconds. The results were in general agreement with 
previous Cyclone Swirler test results. 

The NOx emissions index results are plotted versus calculated flame 
temperature in Figure 4-56. The observed values of the NOx emissions index 
meet requirements for the low NOx combustor. However, as in previous tests, 
the NOx El exhibits some evidence of a dependence on inlet temperature which 
suggests that the fuel is not totally premixed with the air. If this inference is 
correct, then there should also be a pressure effect. 

The CO emissions index is plotted versus calculated flame temperature 
in Figure 4-57. The break point, where the measured CO emissions suddenly 
increases from calculated equilibrium CO as flame temperature is decreased, 
occurs in the range of 3100 R to 3400 R (1722 K to 1889 K), depending on the 
inlet temperature. This is higher than in the previous tests, where the 
breakpoint was observed within the acceptable limits. For comparison, in the 
previous test of the Cyclone Swirler, at a reference velocity of about 18 
feet/' second and a combustor residence time of 10 milliseconds, the observed 
CO break point temperature was about 2800 R (1556 K). 

4.4.' 4. 3 Configuration 2 Cyclone Swirler Tests in Convectively-Cooled Liner 

An atmospheric pressure test of Configuration 2 of the Cyclone Swirler 
was performed in a convectively cooled liner. This liner was especially designed 
to address the concern that the cast ceramic liner being used in the single-cup 
tests is yielding misleading stability results. This is because of the ceramic 
liner's high temperature combined with a very long time constant for transient 
thermal response. As a result, lean-blow-out results using the cast ceramic 
liner have almost certainly been optimistic to some degree. The cooled liner 
was purposely designed to be "over-cooled" and therefore the results represent 
a worst case for stability. The only exception to the liner being a worst case is 
that the convectively cooled liner is square in cross-section so that its stability 
does have the benefit of the corner circulation zones. 

Three sets of LBO results obtained for the HSCT Cyclone Swirler to date 
are compared in a plot versus Lefebvre's LBO correlating parameter in Figure 
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4-58. The single low out-lier point on the plot might be due to the hot ceramic 
liner stabilizing the combustor. Lefebvre's correlating parameter used in the 
plot is given by [8]: 



The three curves in the figure are quadratic best fits of each of the three 
data sets. The results for the three different configurations are roughly 
correlated by Lefebvre's parameter, even though there are some differences in 
the combustor configurations not even indirectly taken into account by the 
parameter (the hot ceramic liner, the corner circulation and cold walls of 
the square convective ly cooled liner used in the third set of LBO data). The 
first set of LBO data were taken prior to the spent dome cooling air injection 
holes being added (Configuration 1). The spent cooling air injection is taken 
into account only indirectly through the Vref term. Apparently, none of these 
configuration changes significantly affect the stability of the Cyclone Swirler. 
There is some evidence of a trend towards better stability at high values of the 
correlating parameter for the square combustor liner. 

For comparison, the actual pilot operating conditions for a combustor 
system design for the A5B mixed flow turbofan cycle are also plotted in Figure 
4-58. The A5B plot conditions cover the entire power range of the engine: 
including ground and flight idle, subsonic and supersonic cruise, as well as 
take off and climb. As can be seen in the Figure, there is a wide stability 
margin over the whole power range, amounting to two or three tenths of 
equivalence ratio. 

A weakness of the comparison between the LBO data and the pilot 
conditions for the combustor system design is that these LBO data were all 
obtained at atmospheric pressure. However, the atmospheric LBO data 
appears to be consistent with the available 4 atmosphere pressure data for CO 
emissions. As the flame temperatures are decreased in the four atmosphere 
tests, CO emissions were observed to rise above equilibrium. This indicates 
that the combustion efficiency is becoming limited by the chemical kinetic 
reaction rates because of the low flame temperatures and that the combustor is 
approaching LBO. Four of these points, in three different tests of the Cyclone 
Swirler Configuration 2 (with spent dome cooling air) are plotted in Figure 4- 
59. They are very consistent with each other and the atmospheric LBO data. 

One CO breakpoint found for configuration 1 (without spent dome 
cooling air injection) is not plotted in Figure 4-59. It falls in the grouping of the 
atmospheric LBO data. This point is not consistent. It indicates the Cyclone 
Swirler has better stability with the spent cooling air injection. Also there were 
a series of tests of Configuration 2 in which the stability was not good at higher 
reference velocities. No CO break points were observed in those tests. The 
sudden flame outs at high flame temperatures are not consistent with Figure 4- 
59. At least one of those tests was discounted because of high gas sample 
probe purge flows. The correlation in Figure 4-59 suggests that the Cyclone 
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S wirier would easily run at a Vref of 60 feet/ second. (Doubling the 
approximately 30 feet/second reference velocity of the A5B pilot points to 60 
feet/ second only increases Lefebvre's parameter by 2 016 = 1.12 or 12%. ) This is 
not consistent with the observations in those early tests in Configuration 2. 
Perhaps high probe purge was also being used in the other inconsistent point, 
or there was some other problems such as rig quench water getting in the 
flame zone. 

Overall, the available information on the stability of the Cyclone Swirler 
indicates very good performance. 

4, 4. 4. 4 Configuration 2 Cyclone Swirler Tests at High Pressure 

Configuration 2 of the HSCT Cyclone Swirler was tested in the Cell 5 
high pressure single-cup rig. The high pressure rig's combustor was a castable 
ceramic liner with a 3.67-inch diameter. This resulted in a nominal reference 
velocity of about 30 feet/ second, about the same as the pilot stage of the sector 
combustor. The gas sample probe was traversed along a diameter 4.5 inches 
downstream of the dome yielding a nominal residence time of about 4 
milliseconds. The profiles were fairly uniform, so only 4 points were sampled 
on the diameter. 

The NOx emissions index results are plotted versus calculated flame 
temperature in Figure 4-60. The CO emissions index results are plotted versus 
calculated flame temperature in Figure 4-61. For reference, the combustor exit 
temperature at supersonic cruise for the A5B engine cycle is shown in Figure 
4-60. This represents the minimum possible flame temperature during 
supersonic cruise, corresponding to all the combustor air being premixed with 
the fuel. In Figures 4-60 and 4-61, there are 4 series of data and their curve 
fits corresponding to 4 combinations of combustor pressure and inlet 
temperature; 60 psia and 1310 R (728 K), 150 psia and 1310 R (728 K), 150 
psia and 1620 R (900 Kj, and 275 psia and 1620 R (900 K). 

The 60 psia, 1310 R (728 K) series of data in this test duplicated 
pressure, inlet temperature, and reference velocity for an earlier set of data 
obtained at 4 atmospheres pressure in the low pressure single-cup test facility. 
These data have already been discussed above. In the earlier test, the probe 
traverse was made 7 inches downstream instead of 4.5 inches. The Cyclone 
Swirler's configuration was identical, except the fuel injector in the high 
pressure test was new. The design of the injector allows the position of the 
eight fuel injector hypo tubes to be axially and circumferentially adjusted 
relative to the radial air nozzles -at assembly and the alignment of the injector ' 
tubes may not have been identical in the two tests. The NOx emissions results 
at 60 psia and 1310 R in the high pressure test are slightly lower than the 
earlier results in the low pressure rig. This may be due to the shorter 
combustor residence time in the high pressure rig or differences in fuel nozzle 
or alignment in the two tests. The lowest fuel-air ratio point in the 4 
atmosphere series of data, plotted at a flame temperature of 3140 R (1744 K), 
had the lowest fuel flow of the entire test and was the most severe in terms of 
heat. transfer to the fuel. During this point, the measured flow number of the 
fuel injector system dropped from 7 to 5, the only time this occurred during the 
entire test. This is evidence that the fuel was partially vaporizing in the fuel 
system during this test point. 
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For the next series of data, the pressure was brought up to nominal 
supersonic cruise conditions of 150 psia. The NOx emissions are slightly 
higher than at 60 psia, possibly indicating less than perfect premixing. At the 
lowest equivalence ratio and flame temperature on the test point schedule, the 
combustion efficiency was still 99.97%. At this point, the calculated flame 
temperature was 2932 R (1629 Kj and the NOx El was 0.55 g/'kg. The decision 
was made to go lower in equivalence ratio to find the CO breakpoint. The 
equivalence ratio was dropped to 0.37 corresponding to a calculated flame 
temperature of 2840 R (1578 K). The NOx El went up to 3.35 and the 
combustion efficiency increased to 99.99%. Both results were contrary to the 
expected trends. The emissions panel operator reported that the calibration of 
CO analyzer was slightly off, so a recalibration was performed. The point was 
repeated, with essentially identical results for the NOx emissions. The CO El 
increased from 0.18 to 0.50 g/kg, the latter still corresponding to 99.99% 
combustion efficiency. The decision was made to revert to the original test 
point schedule and the inlet temperature was increased to 1620 R (900 K), 
nearly up to supersonic cruise conditions of 1680 R (933 K). As shown in 
Figure 4-60, the NOx emissions increased to a significantly higher levels for 
this series and the next series 1620 R (900 K) and 275 psia. 

The conditions at which the anomalous high NOx emissions were first 
observed (1620 R or 900 K, and 150 psia and low equivalence ratios) was 
repeated before ending the test. During the reduction in inlet conditions, the 
combustor flamed out, but was immediately reignited by the hot ceramic liner 
when the fuel flow was increased (the ignitor torch will not operate over 30 
psia). Emission readings which yielded NOx El’s of 0.90 and 0.62 g/kg. These 
values are very close to the original low value of NOx El of 0,55 g/kg. 

After opening up the rig, but before disturbing the fuel-nozzle, it was 
observed that only 4 of the 8 fuel jets properly passed through the air nozzles 
(with no air flow). Upon removal of the fuel injector, it was found that the 1/4- 
inch fuel tube was warped about 0.1 inch radially. Three of the eight injector 
tips were severely bent and a fourth was plugged (the plug was temporary as all 
the tips were open when checked again). The exterior cylindrical surface near 
the end of the centerbody where the centerbody cooling air is ejected was also 
found to be oxidized. No other clear evidence of high material temperatures 
was found. 

It is not clear what caused the fuel injector damage, nor is it certain 
when it occurred. As stated above, it appeared to be operating properly after 
assembly. According to reports, the damage did not occur during disassembly. 
Assuming that at least some of the damage occurred just before the abnormally 
high NOx emissions were measured, then the higher than expected NOx 
emissions can be attributed to poor atomization. Based on experience gained 
during nozzle spray tests, much of the fuel must have been running along the 
centerbody after the damage. This would explain the oxidation at the cooling 
air ejection holes. The fuel running along the centerbody apparently stabilized 
a flame at the air ejection holes. This may also help explain why the last two 
NOx emissions readings dropped back down to nearly the lowest value. When 
the nozzle damage occurred, the NOx emissions increased for two reasons, poor 
atomization and the flame moving upstream to the air ejection holes. At this 
time, the material became hot and it continued to hold the flame at the holes, 
until the blowout occurred. By the time relight had occurred, the material had 
cooled and the flame stabilized further downstream, yielding an intermediate 
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scenario in mind, some consideration was given to purposely putting out the 
fire and relighting with the hot liner to see if a new flame position and lower 
NGx emissions resulted. Unfortunately, this was not done. 

The CO emissions in Figure 4-61 are in good agreement with previous 
results. _ They are close to equilibrium levels down to flame temperatures of 

‘ "I/ 


In summary, the primary goals of this test were only partly 
accomplished. The HSCT Cyclone Swirler's NOx emissions were shown to be 
acceptable at supersonic cruise pressure. For the more severe conditions, the 
NOx emissions results are inconclusive because of the damage to the fuel 
injector. Combustion efficiencies were always excellent. Adequate margins for 
lean stability continues to be seen. The combustor exit profile continues to be 
relatively flat. Some flame holding within the throat of the Cyclone Swirler is 
evident. This will have to be addressed, but there are a number of known 
design modifications that can be employed if this burning at the centerbody 
cooling air injection holes continues to be a problem, all of them with very 
minor trade-olfs. There continues to be limited evidence of dynamic pressures. 

4-5 Multiple-Venturi Swirler Mixer (Multi pie- Yen turi) 


jujliucu lour atmo 

the most stable configuration of the device found durL_ 0 

combusting tests at Textron. As shown in Figure 4-62, °the fuef injector tips 
were positioned approximately l/16th inch downstream of the venturi throats. 
The large, 4.89 inch, dome diameter was used. The resulting dome velocities 
(10-15 feet per second) were low, at approximately half of typical design pilot 
dome velocities. 



Configuration GT NOx emissions were comparable to the NASA multiple- 
venturi data as shown in Figure 4-63. Combustion inefficiency measurements 
were very consistent for Configuration Gl, as seen in Figure 4-64, with inlet 
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temperature and dome pressure drop variations having no effect. Note that 
emissions data comparisons were made only against the NASA Multiple- 
Venturi data having a 1.8-2. 5 millisecond combustor residence times. 
Configuration G1 combustor residence times were roughly twice that, at 2.4- 
4.4 milliseconds. Differences in measured combustion inefficiencies between 
the GEAE test and NASA data could be attributed to the longer residence times 
of Configuration G1 and the significantly higher dome velocities (57-70 ft/ sec) 
of the NASA tests. 

Multiple-Venturi mixer Configuration G2 was tested at high pressure 
conditions (4 atmospheres). Configuration G2 has the same axial fuel injector 
positions as Configuration G1 with the injector tips extended 1/ 16th inch 
downstream of the venturi throats as shown in Figure 4-62. However, 
Configuration G2 had a reduced dome height relative to Configuration G1 (3.67 
inches compared to 4.89 inches), which resulted in dome velocities which were 
typical of a pilot stage design, 22 to 35 feet per second. 

Figure 4-63 depicts a comparison of NOx data between Configuration G2 
tested at GEAE and at NASA’s Lewis Research Center. As shown in the figure, 
the measured Configuration G2 NOx values range from 4-5 El at 3600 R (2000 
K) flame temperature, and in general, are comparable to the NASA-Lewis data. 
Configuration G2 NOx emissions were also lower than those of Configuration 
Gl, as Configuration G2 combustor residence times were roughly half of 
Configuration Gl. Figure 4-64 compares the combustion inefficiency results 
between the GEAE and the NASA-Lewis tests. As shown. in the figure,. the G2 
combustion inefficiencies were lower than the NASA-Lewis data and slightly 
higher than Configuration Gl data at 1140R (633K) inlet temperature. The 
difference between the Configuration Gl and Configuration G2 inefficiency data 
is also consistent with the residence time difference of the two configurations. 

4.6 Supporting Cold Flow Mixing Experiments At CR&D 

A full report of these activities is contained in Appendix 9.2. Thus, only a 
summary of the cold flow mixing experiments is given here. The non-intrusive 
laser-based diagnostic technique of Spontaneous Raman/ Raleigh scattering 
was successfully extended to elevated pressures to measure the scalar flowfield 
downstream of a single IMFH (Integrated Mixer Flame Holder) tube at elevated 
pressures up to 150 psia (10.2 atm). This study represents the first practical 
application of Raman/ Raleigh scattering at elevated pressures. A single IMFH 
tube was mounted in an 8 inch combustion tunnel with large optical access 
build specifically for the purpose. Detailed measurements of mean and rms of 
temperature and major species were made at three axial locations downstream 
of the burner exit in a premixed flame region with liquid fuel (both kerosene 
and Jet-A) to demonstrate the enhanced capabilities of the technique. 

Provision was made to account for laser-induced fluorescence and flame 
generated luminescence anticipated in this application. Measured data, 
however, showed that the interference from laser-induced fluorescence and 
flame generated luminescence were minimal and easily accounted for under 
the conditions examined in this study. The results showed the measured 
temperature and scalar profiles to be representative of flow fields established 
by a premixed fuel/air jet issuing into a recirculating product field downstream 
of the exit. The expertise and experience gained from this technique is 
expected to be applicable to all such applications at elevated pressures. The 
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A full report of these IMFH fuel-air mixing studies is contained in 
Appendix 9.3. Thus, only a summary of the laser diagnostics activities at 
Pennsylvania State University is given here. Experimental measurements were 

* « • ■» + • i r t , • • . •» „ rr - 



discharge at the wall resulted in significantly worse performance as was shown 
in Figure 4-46. 


5.0 DISCUSSION OF SUBCOMPONENT TEST RESULTS 
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The fuel-air mixers for the sector combustor design were selected based 
on their demonstration of low NOx emissions and high combustion efficiency 
performance over a range of operating conditions. Ideally, the fuel-air mixers 
will maintain their relatively low NOx emissions even at flame temperatures 
higher than the supersonic cruise design point of 3600 R (2000 K) and 
mnt'ritflin amenta bio levels of romhustion efficiencv for relatively low flame 


temperatures, and do this over a wide range of combustor inlet pressures and 
temperatures. Meeting these requirements, would allow the fewest number of 
fuel stages. As a first-order indication of flexibility of the mixers in this regard, 
their acceptable performance range was quantified by the ratio of equivalence 



emissions. 
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vesiigaung me influence oi livim mixer mo 
mixing was carried out as part of the five-cup sector rig design and 
development effort. Table 6-1 lists the configurations studied and the mixin 
:o achieve a unifon 

raoie, me compound cant angle comigurauon resulted m snorter mixing 
length. However, mechanical and packaging considerations excluded the use 
of mixer tube angling in the sector design. 

The success of IMFH Configuration 5 tests significantly impacted the 
sector combustor design, particularly the dome design. Previously, 13% of ttu 
dome air was used in the fiametu.be tests for dome cooling and it was expected 
that a comparable level of cooling would be required for the sector dome. 
Configuration 5 flametube tests demonstrated that this air can be injected into 
the mixer tubes with acceptable combustion efficiency and NOx emissions. 
Since a portion of the IMFH fuel-air premixers’ air to be used to bum the fuel 
could now be used to also cool the domes, the previously separate allotment of 
dome cooling air became available for liner cooling. A similar dome cooling air 



dome cooling air discharge during IMFH subcomponent tests. Backside 
impingement cooled metal liners were selected to accommodate these design 
constraints. The cooling air discharge of these TBC coated liners and side 
panels was located downstream of the gas sampling plane to best simulate the 
emissions of an actual HSCT combustor design. As much cooling air as 


required to insure a reliable test vehicle could be used without impacting dome 
flame temperatures and combustor sector emissions. The sector was designed 
in this manner to evaluate the dome characteristics in isolation from liner 
















Although the scale of the five-cup sector combustor is much smaller than 
the baseline combustor HSCT engine, many characteristics of the sector 
combustor are similar to full size HSCT combustor designs. Among the sector 
parameters that will.be closely matched to the full size HSCT combustor design 
are the IMFH tube dimensions, the dome reference velocities, the combustor 
residence time and the pressure drop. 

The sector combustor design has three domes. The initial combustor 
sector design is shown in Figure 6-1. The sector was sized to an existing 60° 
sector test rig with a turbine pitch (average combustor exit) radius of 12.6 
inches. The center dome has five Cyclone Swirlers for the pilot stage while the 
outer and inner domes have 30 and 20 IMFH mixers, respectively for the main 
stages. The pilot dome was designed for a variety of axial positions to 
determine the optimum pilot dome recess relative to the IMFH domes for pilot 
stability (Figure 6-2). The sector has a dome height of 7.8 inches. 

The sector design was changed to a rectangular cross-section as shown 
in Figure 6-3 to simplify the design of several sector parts and reduce cost. 

(Note that Figure 6-2 still accurately represents a side view of the combustor 
sector.) The rectangular sector retained five pilot Cyclone Swirler mixers fueled 
from a common fuel manifold. The number of IMFH tubes was reduced from 
50 to 48. The sector was scaled down slightly to accommodate this change in 
flow area. The now identical outer and inner domes each have two rows of 12 
mixer tubes each. Every six injectors in a row are fed by a single internal fuel 
manifold and fuel manifolds are mounted onto the dome structure (two 
manifolds per mixer tube row). The multiple main stage dome fuel manifolds 
allow for greater flexibility in investigating various fueling modes. Radial 
staging would be simulated by fueling selected manifold rows while sector 
staging would be simulated by fueling the left or right manifolds in a mixer 
tube row(s). IMFH fuel injector differential thermal growths and fuel line 
thermal protection to prevent fuel coking were incorporated in the sector 
design. 

The sector combustor design addresses the stresses generated by 
differential thermal expansion between combustor components. Some 
combustor parts will operate near T 3 , or roughly at 1660 R (922 K). These 
include the IMFH tubes, Cyclone Swirler, impingement baffles and flanges. The 
combustor liner adjacent to the combustion zone will operate at temperatures 
that may exceed 2160 R (1200 K). Where these parts that will operate at widely 
different. temperatures are attached or in close proximity, the design allows for 
differential movement of the parts. Over the 13 inch “circumferential” length of 
the sector, differential movement is projected to be about 0.08 inches. At the 
same time, air leakage at the sealing surfaces between these parts are kept to a 
minimum to prevent air quenching of combustion reactions which would 
reduce combustion efficiency. 

The combustor sector flow splits, based on the design flow areas, are 
shown schematically in Figure 6-4. Flows are presented as a percentage of the 
total dome flow, as a percentage of the combustor flow and as a percentage of 
the sector flow. Although both the liner and side-panel flows do not go through 
the dome, they are expressed as percentages of the total dome flow to more 
easily gauge their relative magnitude. Likewise, the side-panel flows are 
presented as a percentage of combustor airflow to help keep them in 
perspective. 
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The combustor sector test plan has the following three objectives: 

A. Obtain emissions, crossfire, and lean blowout (LBO) data 
characteristic of the IIvlFH / Cyclone Swirler 2D sector, 

B. Demonstrate low NOx emissions and low combustion inefficiency, 

C. Assess the impact of fuel split variations and staging on emissions. 

To demonstrate these objectives, the combustor sector will be operated at 
combustor inlet pressures representative of supersonic and subsonic cruise, 
sea-level takeoff (SLTO), and idle conditions. Combustor inlet temperatures 
will correspond to the inlet pressures up the current facility's maximum of 
1560 R (867 K). The key inlet temperatures are presented in Table 6-2, 
Combustor flame temperatures will be varied by adjustments to combustor 
fuel-air ratio from at least a lean 99% combustion efficiency level to a 5 El NOx 
level. Stage to stage flame temperature (equivalence ratio) variations will be 
investigated. 


Table 6-2. Principal LPP Sector Combustor Inlet Test Conditions 


Flight Condition 

Pressure (psia) 

Temperature (R) 

Supersonic Cruise 

169 

1560 * 

Supersonic Max. Climb 

184 

1560 * 

Sea-Level Takeoff 

301 

1385 

Subsonic Cruise 

88 

1065 

Idle 

35 

702 


*Faciiity Maximum in 1993 

The planned test sequence is broken down into the following five planned 
test days: 

1 . Collect data during a slow ramp to and at supersonic cruise 
conditions. Perform fired system checkouts. 

2. Collect data at supersonic cruise conditions with baseline and 
varied flame temperature and fuel splits. 

3. Collect data at sea-level takeoff conditions. 

4. Collect data at subsonic cruise conditions. Investigate staging and 
cross-fire variations. 

5. Conduct pilot only studies at idle conditions. 

Emissions data will be collected using four gas sample rakes each with 
five sampling elements. Individual as well as ganged rake sample will be taken. 

The test plan to assess the cycle emissions for the first HSCT sector is 
divided into five test days per test. During each day, conditions will be 
changed, fuel staging and local equivalence ratio (flame temperature) will be 
varied, and emissions samples collected in the sequences of Table 6-3. 
Combustor flame temperatures will be varied by adjustments to combustor 
fuel-air ratio from at least a lean 99% combustion efficiency level to a 5 El NOx 
level. Also, the then current facility's maximum inlet temperature was 1560 R 
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(Flame temperature and fuel flow splits) 


Repeat day 1 start-up procedure with fewer check points. 



Design: T = 1709 R» P = 184 psia 
Cell 3: T = 1560 R, F = 184 psia 


DAY 3 : High Pressure SLTO condition: 

Design: T = 1385 R, P = 302 psia 

Cell 3: T = 1385 R t P = 250-280 psia 

(pressure limited to remain on 20 atm air supply) , 


Repeat day 1 start-up procedure with fewer check points. 
SLTO condition flame temperature variations . 

SLTO condition dome fuel split variations. 


DAY 4 : Subsonic cruise condition staging & crossfire variations 

Design 6 Cell 3: T = 1048 R, P = 88 psia 


Pilot lightoff at Idle: T - 702 R, P « 35 psia 
Selected premixer lightoff at 910 R. Fired checkout. 

Staging variations. Flame temperature and fuel split variations 
at 1048 R, P x 88 psia. 


DAY 5 : Idle: Pilot only studies 

* Pilot lightoff at Idle: T 702 R, P s 35 psia. Fired checkout. 
Blowout studies. Supplemental points from day 1-4 schedules. 
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Flame tube evaluation tests of the Swirl- Jet Premixer, Lean Direct 
Injector (Jet Mix), Integrated Mixer Flame Holder (IMFH) /Venturi IMFH, 
Cyclone Swirler, and the Multiple-Venturi Lean Direct Injection fuel-air mixers 
have been conducted. Of these, the Cyclone Swirler and IMFH premixer 
designs had the best performance and were selected for incorporation into a 
sector combustor. 


A three-dome 5-pilot-cup sector combustor with a Cyclone Swirler pilot 
stage and IMFH main stage has been designed, fabricated and built up for 
evaluation tests (performed under the follow-on contract, NAS3-26617). 
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3-7. Schematic of the integrated Mixer Flame Holder (IMFI- 
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Figure 3-S2. Fuel Staging for the Jet-Mix LDI Design. 




NAS A/CR— 2005-2 13326 


75 


Figure 3-13. Mechanical Design 
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Figure 3-14. Mechanical Design Layou 
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Figure 3-16. Mechanical Des: 
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Figure 3-18. Swirl-Jet Combustor Mechanical Design Section C-C, 


Nitric 0Hld@ Car&ort HoooKid® Emissions Predictions 
Hi tn Residence Time nod Flame Temperature mm Parameters 



NAS A/CR— 2005-2 13326 


81 





yst e§® Design Using four fuel Stages 



fa saajOeoi sjn^ejaduiai erne td pa^iio3ii3 


NAS A/CR— 2005-2 13326 


82 







;mFH Combustor System Design Using Four Fu 
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Figure 4-4b. Swiri-Jet Velocity Vectors in the Presence of a Central Jet. 
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Figure 4-8, Swiri-Jet Premixer with Spray Bar F' 
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50 pph 

Figure 4-13. Jet Mix Spray Visualization at 26 and 50 pph. 
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Figure 4-18. Jet Mix Configuration 1 Combustion Efficiency, 
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ARITHMETIC AVERA 
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HSCT JMFH PLANE TUBE TEST RESULTS 

4 ATM INLET: ARITHMETIC AVERASE OF 5 SAMPLE TRAVERSE 
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IMFH CONFIG. 4B COMBUSTION INE 
INLET TEMPERATURE EFFECT AT 4ATM 
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Figure 4-30. IMFH Configurati* 






NAS A/CR— 2005-2 13326 


114 




NAS A/CR— 2005-2 13326 


115 







ADN3I0Idd3NI NOIiSnaWOO % 


NAS A/CR— 2005-2 13326 


116 
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Figure 4-39. Dome Cooling Flow Impact on IMFH Configurations 5A, 5B, and 6A NQx I 
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FLAME TEMPERATURE* 

Figure 4-41. Dome Cooling Flow Fiameholder Disc: 
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Figure 4-43. Dome Cooling Flow Impact on IMFH 
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FLAME TEMPERATURE (CALCULATED) . 

Figure 4-50. Cyclone Swirler Configuration 1 NOx Emissions. 
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FLAME TEMPERATURE (CALCULATED) . R 

Figure 4-51. Cyclone Swirler Configuration 1 Normalized NOx Emissions. 
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Figure 4-55. Cycione Swirier Configuration 2 CO Emissions. 
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Figure 4-64. Multi-Venturi Combustion Inefficiency (NASA and GEAE Data). 
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Figure 6-1. Schematic of the IMFH/Cyclone 5 Cup Sector (Initial Configuration). 
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Figure 6-2. Cross Section of the IMFH/Cycione Sector Combustor. 
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Figure 6-4, IMFH/Cyclone Sector Combustor Air Flow Splits. 
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10.0 APPENDIX A: SINGLE-CUP TEST RESULTS 
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HSCT - Jetmix Buiid #1 Pressure Test #1 , Run #6 
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HSCT - Jetmix Build #6 Pressure Test #2, Run #1 (Continued) 
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HSCT !MFH Configuration 5A Tested March 25-28, 1992 
13 x 0.495“ Diameter Mixer Tubes 
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Test Type 
Test Date 
Test Location 
Fuel-Air Mixer Type 
Configuration 
Dome Effective Flow Area 
Dome Diameter 
Combustor Pressure 


Lean Blow Out 
September 22, 1992 
Evendale ACL (Bldg 306) 
Cyclone Swirler 
2 

0.73 in 2 
4.84 in 
14.37 psia 


Dome 


Rdg 

T 

in 

Pres. 

Drop 

Fuel 

Flow 

Air 

Flow 

F/A 

# 

<R) 

(%) 

(pph) 

(Ib/sec) 

(Ratio) 

P t2 i2 

t3r2j2 

dp%2j2 

wf2 i2 

wac2-2 

far2 i2 


! 


905 


4.78 


11.2 


G.0894 


0.0348 

1 




mu 


11.5 


UMW 


O.0355 

0 






TXT 


0.0813 


XOTT7 



TM5 




Tfl 


WUEUT 


0.0399 

T 


im 


7M 


nTT 


0.1008 


0.0336 

i 


TR52 


W 


TO 


XTDP 


0.0324 
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Dome Diameter 
Length to Sample 






HSCT Multiple Venturi Configuration G1 with 4.89" Dome Height 
7 Mixer Array with Injector Discharge 1/16 inch downstream of venturi throat 
Tested November 25, 1992 


Sample Comb. 




Inlet! Inlet P 

Dome DP 

Wf 

Wa mixer 

CO 

HC 

NQx 

Equiv. 

Eff., 

Rdg. 

Point 

(F) 

Cpsia) 

(psid) 

(PPri) 

(PPS) 

El (g/kg) 

E! (g/kg) 

El (g/kg) 

Ratio 

% 

3 

15 

52 

60.72 

3.87 

79.6 

0.49 

17.25 

1.75 

1.51 

0.711 

99.44% 

4 

16 

54 

62.26 

4.03 

90.4 

0.50 

26.25 

0.30 

2.42 

0.824 

99.36% 

5 

13 

55 

60.30 

3.10 

94.3 

0.43 

203.32 

2.46 

3.13 

0.988 

95.01% 

6 

31 

454 

61.06 

3.33 

49. 9 

0.34 

12.63 

0.08 

6.21 

0,764 

99.70% 

7 

32 

448 

59.99 

3.18 

55.1 

0.33 

18.51 

0.06 

6.79 

0.802 

99.56% 

8 

36 

456 

60.47 

4.26 

66.3 

0.38 

38.55 

0.06 

7.50 

0.848 

99.09% 

9 

40 

654 

59.93 

3.28 

36.1 

0.30 

1.36 

0.06 

2.67 

0.558 

99.96% 

10 

41 

347 

60.30 

3.10 

41.6 

0.30 

5.05 

0.04 

5.04 

0.652 

99.88% 

11 

42 

653 

60.57 

2.94 

46.9 

0.29 

12.20 

0.05 

S.45 

0.741 

99.71% 

12 

400 

655 

59.67 

3.25 

37.1 

0.30 

2.87 

0.04 

3.48 

0.59S 

99.93% 

13 

401 

644 

59.58 

3.23 

33.2 

0.30 

0.71 

0.05 

2.35 

0.517 

99.98% 


3A 

15 

52 

60.72 

3.87 

79.6 

0.49 

18.15 

1.43 

1.92 

0.746 

99.45% 

3B 

15 

52 

60.72 

3.87 

79.6 

0.49 

13.79 

1.41 

1.45 

0.698 

99.55% 

3B 

15 

52 

60.72 

3.87 

79.6 

0.49 

23.40 

2.37 

1.58 

0.728 

99.24% 

4 

16 

54 

62.26 

4.03 

90.4 

0.50 

33.56 

0.38 

2.46 

0.840 

99.18% 

5 

13 

55 

60.30 

3.10 

94.3 

0.43 

259.88 

3.43 

2.95 

1.017 

93.60% 

6 

31 

454 

61.06 

3.33 

49.9 

0.34 

16.73 

0.08 

6.57 

0.787 

99.60% 

7 

32 

448 

59.99 

3.18 

55.1 

0.33 

22.96 

0.05 

6.77 

0.817 

99.37% 

8 

36 

456 

60.47 

4.26 

66.3 

0.38 

51.11 

0.06 

7.57 

0.872 

98.79% 

9 

40 

654 

59.93 

3.28 

36.1 

0.30 

1.73 

0.06 

2.69 

0.568 

99.95% 

10 

41 

647 

60.30 

3.10 

41.6 

0.30 

6.39 

0.04 

5.22 

0.667 

99.85% 

11 

42 

653 

60.57 

2.94 

46.9 

0.29 

14.55 

0.04 

9.69 

0.756 

99.66% 

12 

400 

655 

59.67 

3.25 

37.1 

0.30 

3.20 

0.04 

3.49 

0.610 

99.92% 

13 

401 

644 

59.58 

3.23 

33.2 

0.30 

0.94 

0.04 

2.35 

0.524 

99.97% 
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27 

55 

885 

60.13 

4.15 

41.7 

0.31 

5.84 

0.02 

4.17 

0.596 

99 . 86 % 

28 

56 

888 

60.26 

4.26 

51.5 

0.31 

23.09 

0.02 

8.86 

0.753 

99 . 55 % 

30 

57 

892 

60.91 

4.17 

36.4 

0.31 

3.38 

0.18 

3.29 

0.532 

99 . 91 % 
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10.0 APPENDIX B: GE CR&D FINAL REPORT 


Laser Diagnostics at CR&DC 

Sub Task II 
Task No. § 

Contract NAS3-2S9S1 
Advanced Engineering Technologies 


Prepared 

by 


at 


The nosi-intrusive laser-based diagnostic technique of Spontaneous Raman/Rayleigh scattering 
has been successfully extended to elevated pressures to measure the scalar flowfield downstream of a 
single 1MFH (Integrated Mixer Flame Holder) tube at elevated pressures of upto 150 psig (10 atm.). 

This study represents the first practical application of RamanNRayleigh scattering at elevated pressures. 

A single IMFH tube is mounted in a 8” combustion tunnel with large optical access built specifically for 
this purpose. Detailed measurements of mean and rms of temperature and major species are made at 
three axial locations downstream of the burner exit in a premixed flame region with liquid fuel (both 
kerosene and let-A) to demonstrate the enhanced capabilities of the technique. Provision is made to 
account for laser-induced fluorescence and flame generated luminescence anticipated in this application. 
Measured data, however, shows that under the conditions examined in this study i.e. of lean premixed 
combustion with significant pre-heat of upto 750 F; the interferences from laser-induced fluorescence and 
flame generated luminescence are minimal and are easily accounted for. The study is conducted in a 
simple jet- shaped flame downstream of a modified single IMFH arrangement. The results show the 
measured temperature and scalar profiles to be representative of flowfield established by premixed 
fuelSair jet issuing into recirculating product field downstream of the exit The expertise and experience 
gained from this unique application is expected to be applicable to all such applications at elevated 
pressures. The major goal of the program to demonstrate the feasibility of such measurements has been 
successfully met 
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developed for HSCT) can result in huge increases in NOx formation even with a lean fuelSair mixture on 
the average. The reason for this is the exponential (non-linear) dependence of NOx formation rate on the 
local mixture ratio. Physical probes such as thermocouples and gas sampling probes can only measure 
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since the signal levels are much higher. Anticipated increase in the amount of soot at elevated pressures 
could adversely affect this signal-to-noise ratio. In this application no such adverse effect was observed, 
probably because it is a lean premixed flame. 


High Pressure HSCT Combustor Ri 



upstream and downstream ends to keep the test-section wails and the optical windows cool. The cooling- 
air is separated from the main combustion air by a quartz liner (not shown in the schematic). Water- 



arrangement The scattered signal is collected by an air-cooled lens from the third window mounted on 
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One final Figure of interest is the mis temperature field at x= 1" measured using this system 
shown in Fig. 8e. This data cannot be obtained by any conventional means. The data again clearly 



scattering to high pressure combusting system. 
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Fiaroe", in Preparation, 

5. Masri, A.R., Bilger, R.W, and Dibble, R.W., Combustion and Flame, 73, 261, 1988. 



9. Reduced Raman data showing the mean temperature and major species profiles at X - 3 

10. Reduced Raman data showing the mean temperature and major species profiles at X = 6" 
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RAMAN SIGNAL vs. PRESSU 
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B„ A. Santavfcea and E. L, Stelnberger 
The Pennsylvania State University 
Department of Mechanical Engineering 


University Park, PA 16802 


September 1993 
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levels. 
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flame tube, and about 0.5* farther downstream. 
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Table 2 


Mie 



4/2-4/4/92 


System Pressure ** 

Air Flow Rale = 

Air Speed in Premker « 

(assuming flow coefficient = 0.86) 
Met Air Temperature ~ 

Fuel = 

Fuel Flow = 


52 psig 

60-62 scfm (0.076 lb/s) 
121 m/s 



Injector ~ 


Hypo fuel-tube positioned on centerline 


Table 3 

Mie Scattering Experiments 6/11-6/12/92 
Flow Conditions 


System Pressure = 
Ak Flow Rale - 


66.3 psia 

53.0 scfm (0.0661 Ib/s) 


(assuming flow coefficient = 0.86) 

Met Air Temperature = 360 °C (680 "F) 

Fuel = let A 

Fuel Flow = 86.7 gtsJam (0.00318 Ib/s) 


Hypo fuel-tube 
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System Pressure: 61-63 psia 

Met Air Temperate®: 360°€ (68Q°F) 

Air Flow Rate: 51-53 softs (234 pph) 

Premixer Air Speed: 109 m/s 

(assumisg a flow coefficient of 0,86) 

Liquid Flow Rate: 110 cc/min (11.7 pph) 
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whether the foe! tube Is on the centerline or at the wall. 


2. With the fuel tube on the centerline, the side views show the liquid concentrated la the 


downstream of the transition. We believe this observation to be evidence of wall wetting 
in the premker due to over-penetratioa of the foe! jet. The vapor, too, is concentrated 
is the upper half of the premixer, but has spread somewhat off this line In the larger 
diameter flametube. Still, the dispersion Is very non-uniform with the region of highest 
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premker to flametube. 
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iST K rf ' 
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20 40 60 80 100 120 140 

Fuel Flow (cc/min) 


160 


234 
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Fad 


= Jet A 


111 m/s 


(860®F) Met 
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centerline 


Sampling Probe Position = 25 “ downstream frost lie step transition between premixer and flame 

tube (except In special experiments during which the probe position 
was axially varied). 
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. Is 
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0,2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Equivalence Ratio 


242 







AXIAL VAR i AT! ON OF MEASURED EMISSION 

injector ot Wail Jet A 



-12 -10 -8 -6 -4-2 0 2 

Probe Position (inches) 

Figoxe IS (-upstream +downstream from usual position ot 0) 


AXIAL VARIATION OF MEASURED EMISSION 



-12 -10 -8 -6 -4-2 0 2 

Probe Position (inches) 

(-upstream +downstreom from usual position at 0) 

FIgar® 19 
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AXIAL VARIATION OF MEASURED EMISSION 

0.040 
0.035 
0.030 
0.025 
0.020 
0.015 
0.010 
0.005 
0.000 

-12 -10 -8 -6 - 4-2 0 2 

Probe Position (inches) 

(-upstream +downstream from usual position at 0) 


Injector ot Wall Jet A 

4/22/93 P-67 psia Inlet T-360 C (685 F) 




c 

.2 

'tn 

(n 


£ 

tu 


Figure 21 


AXIAL VARIATION OF MEASURED EMISSION 

Injector at Well Jet A 

4/22/93 P=67 psia inlet T=36C C (685 F) 

16.0 

15.5 

15.0 

14.5 

14.0 

13.5 

13.0 

12.5 

12.0 

1 1.5 
1 1.0 

-12 -10 -8 -6 - 4-2 0 2 

Probe Position (inches) 

(-upstream -“"downstream from usual position at 0) 
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Procedures for Exelplex-Bassd Yapor/LIqaid Visaallzadoa for Fuel Sprays/ Combustion 
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